Flax (Linum usitatissimum) stems contain cells showing contrasting cell wall structure: lignified in inner stem xylem tissue and hypolignified in outer stem bast fibers. We hypothesized that stem hypolignification should be associated with extensive phenolic accumulation and used metabolomics and transcriptomics to characterize these two tissues.
Flax (Linum usitatissimum) stems contain cells showing contrasting cell wall structure: lignified in inner stem xylem tissue and hypolignified in outer stem bast fibers. We hypothesized that stem hypolignification should be associated with extensive phenolic accumulation and used metabolomics and transcriptomics to characterize these two tissues.
1 H nuclear magnetic resonance clearly distinguished inner and outer stem tissues and identified different primary and secondary metabolites, including coniferin and p-coumaryl alcohol glucoside. Ultrahigh-performance liquid chromatography-Fourier transform ion cyclotron resonance-mass spectrometry aromatic profiling (lignomics) identified 81 phenolic compounds, of which 65 were identified, to our knowledge, for the first time in flax and 11 for the first time in higher plants. Both aglycone forms and glycosides of monolignols, lignin oligomers, and (neo)lignans were identified in both inner and outer stem tissues, with a preponderance of glycosides in the hypolignified outer stem, indicating the existence of a complex monolignol metabolism. The presence of coniferin-containing secondary metabolites suggested that coniferyl alcohol, in addition to being used in lignin and (neo)lignan formation, was also utilized in a third, partially uncharacterized metabolic pathway. Hypolignification of bast fibers in outer stem tissues was correlated with the low transcript abundance of monolignol biosynthetic genes, laccase genes, and certain peroxidase genes, suggesting that flax hypolignification is transcriptionally regulated. Transcripts of the key lignan genes Pinoresinol-Lariciresinol Reductase and Phenylcoumaran Benzylic Ether Reductase were also highly abundant in flax inner stem tissues. Expression profiling allowed the identification of NAC (NAM, ATAF1/2, CUC2) and MYB transcription factors that are likely involved in regulating both monolignol production and polymerization as well as (neo)lignan production.
Flax (Linum usitatissimum) has been grown for many thousands of years, and recent studies have found traces of flax fibers in 30,000-year-old Paleolithic caves in Georgia (Kvavadze et al., 2009 ). This species is cultivated for seeds (linseed) and fibers. The seeds contain high amounts of unsaturated fatty acids such as a-linolenic acid (C18:3) as well as biologically active lignans that are used in the chemical and nutraceutical industries (Toure and Xu, 2010; Singh et al., 2011) . The extremely long primary fibers (bast fibers) are located in the outer tissues of the stem between the phloem and the epidermis and have an average length of around 7 cm. They are used to produce textiles (linen) and to reinforce composite materials (Summerscales et al., 2010) . The secondary cell walls of flax bast fibers are unusual in that they are rich in cellulose but contain only low amounts of lignin (2%) as compared with most other plant secondary cell walls (Day et al., 2005b) . In contrast, the secondary walls of flax xylem cells located in the inner stem tissues show a typical lignification profile containing around 25% lignin. Although present in only low amounts in flax bast fibers, lignin has a negative impact on fiber quality, since the presence of this phenolic polymer hinders fiber separation during the retting process. Conversely, the presence of lignin can facilitate fiber-fiber and fibermatrix interactions in composite materials (Ramires et al., 2010) . Lignin, therefore, occupies a key role in determining fiber quality in flax, and a better understanding of its biosynthesis and regulation in this species is necessary to tailor textile and composite performances.
Lignin is a complex three-dimensional phenolic polymer naturally present in the walls of certain specialized cells (xylem, sclerenchyma) , where it plays an important role in plant mechanical support and defense. The lignin polymer is assembled in the cell wall by the oxidative polymerization of hydroxycinnamyl alcohols (monolignols) synthesized via the phenylpropanoid pathway. The three major monolignols p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol give rise to the socalled H-units (p-hydroxyphenyl), G-units (guaiacyl) , and S-units (syringyl) of the lignin polymer, respectively (Boerjan et al., 2003) . The relative proportion of the different monolignols varies between different plant groups, species, and tissues. Lignin from gymnosperms and other lower vascular plants is rich in G-units, contains low amounts of H-units, and, except for a few exceptions, contains no S-units (Weng and Chapple, 2010) . In contrast, dicot lignin contains G-and S-units as well as low amounts of H-units. Monocot lignin also contains higher amounts of H-units. Over the last two decades, different research programs have targeted individual genes of the phenylpropanoid pathway and clearly demonstrated that up-/down-regulation of these genes can modify lignin content and structure (Vanholme et al., 2008) . In flax, we have recently shown that transcripts of monolignol biosynthetic genes are significantly more abundant in inner stem tissues when compared with outer stem tissues, suggesting that hypolignification in the flax stem is also regulated by the differential expression of lignin genes (Fénart et al., 2010) .
The perturbation of lignin biosynthesis in mutants and transgenics is often associated with the accumulation of various phenolic storage and detoxification products (Leplé et al., 2007; Fornalé et al., 2010; Vanholme et al., 2010) . We hypothesized that natural flax hypolignification might similarly be associated with an accumulation of a wide range of phenolic compounds. Interestingly, this species is one of the richest sources of biologically active lignans that, like lignin, are derived from the phenylpropanoid pathway (Westcott and Muir, 2003) . Lignans are dimeric structures containing two monolignols linked together by 8-8# carbon bonds. The dimerization of coniferyl alcohol results in the formation of pinoresinol, which is then converted into lariciresinol and secoisolariciresinol via the action of the enzyme pinoresinol-lariciresinol reductase (PLR; Davin and Lewis, 2003) . In flax seeds, secoisolariciresinol is then glycosylated and accumulates to high levels as secoisolariciresinol diglucoside (SDG; Hano et al., 2006b) . Coniferyl alcohol-derived units can also be linked by other (non 8-8#) carboncarbon bonds, and the term neolignan is used (Moss, 2000) . Low-M r monolignol-coupling products containing carbon-carbon bonds, as well as ether bonds, are also formed during the oxidative step of lignin polymerization and are collectively referred to as oligolignols (Morreel et al., 2004 (Morreel et al., , 2010a . Lignans, neolignans, and other monolignol-coupling products, therefore, are all oligolignols. These compounds can all be glycosylated, so there exists a wide range of potential products that can be formed from monolignols not incorporated into the lignin polymer (Vanholme et al., 2010) . In order to test our hypothesis that flax hypolignification is associated with the accumulation of phenolic compounds, we decided to characterize monolignols and monolignolderived phenolics in flax stems using a previously developed lignomics approach (Morreel et al., 2004 (Morreel et al., , 2010b . This approach has allowed the identification of 36 and 55 different phenolic compounds in tobacco (Nicotiana tabacum) xylem tissue and in Arabidopsis (Arabidopsis thaliana) stems (Vanholme et al., 2010) , respectively.
In order to complete our knowledge about how monolignol biosynthesis, oligolignol accumulation, and hypolignification in flax are regulated at the transcriptional level, we used Nimblegen high-density microarrays to compare phenylpropanoid gene expression profiles in inner and outer stem tissues. Recent studies have demonstrated that up-/down-regulation of genes encoding different NAC or MYB transcription factors (TFs) modulates the expression of monolignol biosynthesis genes and modifies both lignification and secondary cell wall formation (Zhong et al., 2010; Zhang et al., 2011) . Therefore, we focused our attention on genes encoding TFs that were differentially expressed in inner and outer stem tissues in order to identify potential regulators of flax hypolignification.
In this paper, we report the results of combined metabolomic profiling, lignomics, and transcriptomics of flax inner and outer stem tissues. In addition to providing novel information on mono(oligo)lignol metabolism in flax, our results also suggest that a wide range of phenolics accumulate under natural hypolignification conditions as well as in low-lignin conditions induced by the engineering of target genes.
RESULTS

Flax Xylem and Bast Fiber Cell Walls Show Highly Contrasting Lignification Profiles
Examination of phloroglucinol-HCl-stained crosssections made at different heights in the flax stem ( Fig.  1) showed that both inner and outer stem tissues follow a developmental gradient along the length of the stem from the upper, young tissues to the lower, more mature tissues (Fig. 1) . In stem inner tissues, this developmental gradient is associated with the progressive formation of xylem tissue and extensive lignification of cell walls, as indicated by the red color. In outer tissues, the developmental gradient is associated with progressive thickening of the secondary cell wall of bast fibers and by lignin deposition in the middle lamella/primary walls of certain of these fibers in the lower region.
Fourier transform infrared (FTIR) spectroscopy ( Fig.  2A ) of cell walls from flax inner and outer stem tissues confirmed these observations. The inner, but not the outer, tissues are characterized by a major absorption peak at 1,510 cm 21 , indicating the presence of high amounts of lignin. The observation that peaks at 1,428, 1,373, and 1,247 cm 21 characteristic of nonspecific lignin functional groups are more intense in inner tissues further supports this observation (Faix, 1991) . No differences between the two tissue types are observed in the 1,000 to 1,200 cm 21 range characteristic of both cellulose and hemicelluloses (Marechal and Chanzy, 2000) . The outer tissue peak at 1,540 cm 21 could be assigned to amide groups from proteins (Hano et al., 2006a) . The predominance of proteins in these samples is potentially due to the incomplete removal of soluble fractions from cells surrounding bast fibers in outer stem tissues. The peak at approximately 1,737 cm 21 in outer and inner stem tissues is probably associated with pectin-or xylan-associated ester functions (Kacurakova et al., 2000) .
Inner and Outer Stem Tissues Are Metabolically Distinct
In order to more fully characterize flax inner and outer stem tissues, we performed metabolic profiling using 1 H NMR. Principal component analysis (PCA) of the 1 H NMR data provided an initial overview of the flax stem inner and outer tissue metabolome and allowed these two tissues to be clearly differentiated (Fig. 2B) . The major metabolites contributing to the PCA-based clustering of both tissues were subsequently identified and are listed in Table I . Primary metabolites included Suc, a-/b-Glc, lactate, fumarate (tricarboxylic acid cycle), formic acid (C1 metabolism), and the amino acids Ile, Val, Thr, Ala, Pro, Gln, Asp, Gly, and Trp. Molecules involved in lipid metabolism, namely choline and the unsaturated fatty acids linoleic acid (C18:2) and a-linolenic acid (C18:3), which are also present in flax seeds (linseed), were identified as well. Other compounds present included the cyanogenic glycosides lotaustralin and linamarin identified previously in flax organs (Niedźwiedź-Siegień , 1998) and the alkaloid trigonelline (nicotinic acid betaine), an osmolyte previously shown to be implicated in the response to drought stress (Charlton et al., 2008) . The glucosylated forms of p-coumaryl alcohol and coniferyl alcohol (coniferin) were also identified in flax stem tissues. The semiquantitative analysis revealed that the different metabolites accumulated in higher amounts in outer stem tissues. For example, the monolignol glucosides accumulated up to five times more, cyanogenic glucosides more than three times more, and primary metabolites around two times more except for Gln and formic acid (Table I) . Overall, these data suggest that flax outer tissues are metabolically more active than inner stem tissues on a per gram dry weight basis. This most likely reflects the fact that inner stem tissues contain a higher proportion of dead cells in the xylem.
Flax Stem Tissues Are Rich in Oligolignols
To characterize monolignol-coupling products from flax stem tissues, we used a lignomics approach (Morreel et al., 2004 (Morreel et al., , 2010b . Methanol extracts from stem outer and inner tissues were analyzed by ultrahighperformance liquid chromatography-Fourier transform ion cyclotron resonance-mass spectrometry (UHPLC-FT-ICR-MS), and elucidation of the MS 2 spectra was based on the lignin oligomer/(neo)lignan sequencing approach and the fragmentation rules of the different linkage types as described previously (Morreel et al., 2010a (Morreel et al., , 2010b . Altogether, we identified 81 different phenolic compounds in flax stem tissues (Table II) , of which 65 are identified, to our knowledge, for the first time in flax and 11 for the first time in plants. Twentyeight compounds (20 when excluding isomers) had negative ionization mode electrospray-MS 2 spectra that had not been described before, to our knowledge (Table  II) . The probable identities and molecular structures of these compounds, based on MS 2 fragmentation data, are given in Figure 3 and Supplemental Data S1.
Approximately half of the peaks (40) represented lignin oligomers, which are predominantly present in the second half of the chromatogram, whereas the remainder of the peaks represented mainly glycosylated (neo)lignans (28 compounds). The oligolignols were essentially composed of G-units and to a lesser extent of S-and FA-(for ferulic acid-derived) units, and only a few contained an H-unit. When the ratio of oligolignol abundance in outer versus inner tissues was computed, a negative correlation with the retention time was observed (Fig. 4) . This confirms the observation (Table II) that the more hydrophilic glycosylated (neo)lignans are more abundant in the outer tissues, whereas the less polar lignin oligomers are more abundant in inner tissues. However, in contrast with this general observation, one of the two secoisolariciresinol hexoside isomers was present in inner tissues yet below the detection limit in the outer tissues. In both tissues, p-coumaryl alcohol hexoside and coniferin were abundantly present (Table II) , whereas only trace levels were observed for syringin. Of the three monolignol glucosides, only the aglycone of coniferin (i.e. coniferyl alcohol) was detected. Remarkably, secondary metabolites comprising a coniferin moiety (i.e. feruloyl coniferin, sinapoyl coniferin, and a nitrogen-containing derivate of feruloyl coniferin) were also traced in the profiles.
Monolignol Genes Are Differentially Expressed in Inner and Outer Stem Tissues
High-density 385K Nimblegen flax microarrays representing 40,000 flax unigenes were used for transcriptomics (Fénart et al., 2010) . The accuracy of gene expression levels was confirmed by quantitative reverse transcription-PCR of 10 different genes showing low, medium, and high expression levels as determined by the microarrays (data not shown). Our results (Supplemental Data S2) show that a total of 775 genes are differentially expressed (log 2 ratio . 1.5) between the two tissues. Transcripts of 486 genes are significantly more abundant in inner tissues as compared with outer tissues and those of 289 genes are significantly more abundant in outer versus inner stem tissues. The functional classification (Gene Ontology [GO] biological processes) of these genes is given in Supplemental Data S3.
In agreement with the contrasting lignification profiles of inner and outer stem tissues, transcripts corresponding to 27 flax unigenes encoding the major lignin biosynthetic enzymes were significantly more abundant in inner tissues when compared with outer tissues ( Fig. 5 ; Supplemental Data S2, category secondary metabolic process). No transcripts corresponding to lignin unigenes were significantly more abundant in outer tissues. Transcripts for eight laccase unigenes encoding enzymes potentially involved in the oxidative polymerization of monolignols were also significantly more abundant in inner stem tissues. Transcripts corresponding to three peroxidase unigenes were more abundant in stem inner tissues, and transcripts for 15 peroxidase unigenes were less abundant (Supplemental Data S2, category other metabolic process). Analyses of subcellular localization by TargetP (http://www.cbs. dtu.dk/services/TargetP; data not shown) indicated that all differentially regulated peroxidase unigenes encode class III peroxidases targeted to the cell wall. The most highly expressed unigene (log 2 ratio = 4.32) in inner tissues encodes a PLR catalyzing the synthesis of Flax stem tissues and cell walls show a developmental gradient along the length of the stem from the upper, young tissues to the lower, more mature tissues (Fig. 1) . In stem inner tissues, this developmental gradient is associated with the progressive formation of xylem tissue, secondary cell wall formation, and extensive lignification. In outer tissues, the developmental gradient is associated with bast fiber elongation in the upper tissues and with the progressive formation and reorganization of the secondary cell wall in the middle and lower stem tissues (Gorshkova and Morvan, 2006) . To obtain information about developmentally related gene expression in flax stems, microarrays were used to characterize gene expression at three different levels (upper, middle, and lower) in both inner and outer stem tissues. A total of 123 and 144 unigenes were differentially expressed between different stem levels in stem inner and outer tissues, respectively (Supplemental Data S4 and S5). The functional classification (GO biological processes) of these genes is given in Supplemental Data S6.
In the inner stem tissues, 28 unigenes potentially involved in lignin-and cell wall-related processes were differentially expressed between the upper, middle, and lower regions (Fig. 6A) . Transcripts corresponding to monolignol biosynthetic genes were not differentially accumulated between the different stem regions. In contrast, genes encoding the two major classes of cell wall-related oxidoreduction enzymes (laccases and peroxidases) show distinct developmental regulation along the stem; transcripts of three laccase unigenes were significantly more abundant in upper stem tissues and less abundant in middle and lower stem tissues. Two of these unigenes (C17032 and C26075) were also more significantly expressed in whole inner stem tissues compared with whole outer stem tissues (Fig. 5 ; Supplemental Data S2). Transcripts for five peroxidase unigenes were either less abundant or showed no significant differences in upper and middle stem samples but were more abundant in lower stem tissues. All of these peroxidase unigenes were more significantly expressed in whole stem outer tissues compared with whole stem inner tissues (Fig. 5; Supplemental Data S2) .
In the outer stem tissues, 27 unigenes encoding proteins potentially involved in lignin-and cell wall-related processes were differentially expressed between the upper, middle, and lower regions (Fig. 6B) . In contrast to the profile observed for inner tissues, transcripts for three laccase unigenes were more abundant in the lower region. One of these unigenes (C38661) corresponded to one of the three laccase genes more expressed in stem upper tissues. Transcripts of one lignin unigene (COMT), one peroxidase unigene, and six unigenes encoding proteins involved in cell wall-remodeling events (pectate lyase, glucan endo-1,3-b-glucosidase, and xyloglucan endotransglucosylase/hydrolases) and the cytoskeleton (a-and b-tubulin) were also more abundant in lower stem samples. The peroxidase unigene (C23812) was also more highly expressed in whole stem outer tissues compared with whole stem inner tissues ( Fig. 5 ; Supplemental Data S2). In contrast, one peroxidase gene (C6312) was more highly expressed in the upper region of the stem. Interestingly, this gene was also more highly expressed in whole stem inner tissues compared with whole stem outer tissues ( Fig. 5 ; Supplemental Data S2).
Expression Profiling Identifies TFs Potentially Involved in Regulating Monolignol Metabolism and Cell Wall Formation in Flax
In order to investigate the transcriptional regulation of oligolignol metabolism and secondary cell wall Table II . Mass spectral data of flax phenolics
Phenolic profiling was performed with reverse-phase UHPLC coupled to atmospheric pressure chemical ionization-ion trap-FT-ICR-MS. Accurate m/z values were obtained with FT-ICR-MS, whereas the MS 2 and MS 3 (in parentheses after the corresponding MS 2 in italics) collision-induced dissociation spectra were recorded via ion-trap-MS. The relative abundance of each peak in inner and outer tissues is based on the selected ion current. Shorthand names of oligolignols/(neo)lignans are based on Morreel et al. (2004) . p-Hydroxyphenyl, guaiacyl, and syringyl units as well as units derived from 5-hydroxyconiferyl alcohol, ferulic acid, and coniferaldehyde are designated H, G, S, 5H, FA, and G#, respectively. The linkage type is indicated in parentheses. The term "red" indicates reduced unit or adjacent linkage (Morreel et al., 2010a) and G(8-5 )G red refer to lariciresinol, secoisolariciresinol, isodihydrodehydrodiconiferyl alcohol, and dihydrodehydrodiconiferyl alcohol, respectively. A forward slash indicates that two units or two linkage positions are equally possible at this position in the shorthand name. In this case, the various structures are shown in Figure 3 . hex, Hexose or hexoside; t R , retention time; a , intensity based on acetate adduct ion; nd, not detected. ?, MS 2 spectrum matches the standard but not the retention time; ??, MS 2 spectrum does not fully match that of the suggested compound based on the literature reference. "Compound" refers to the name of the compound: roman text indicates compounds identified for the first time in flax, boldface italic text indicates compounds previously identified in flax. Ref number after a compound name refers to a bibliographic reference for MS data (Supplemental Data S1), F Ref number after a compound name refers to a previous bibliographic reference (Supplemental Data S1) identifying the compound in flax, and S number after a compound name refers to the molecular structures presented in Figure 3 . No bibliographic references for the MS data of S numbered compounds were available, and their MS-based structural elucidation is described in Supplemental Data S1. Asterisks indicate compounds described, to our knowledge, for the first time in plants. Table III ; Supplemental Data S7). TF unigenes were then grouped into two clusters: (1) genes upregulated in stem inner tissues when compared with stem outer tissues, and (2) genes down-regulated in stem inner tissues when compared with stem outer tissues. Sixty-three TF unigenes were significantly upregulated in stem inner tissues, and 18 TF unigenes were up-regulated in stem outer tissues (Fig. 7A ). Approximately 50% of the up-regulated genes in both tissues belonged to major TF classes known to be involved in regulating secondary cell wall formation and lignin/phenolic metabolism (Zhong et al., 2010) .
We then clustered the 613 TF genes with 273 cell wall-and oligolignol-related genes (CWGs) that were differentially expressed between either inner and outer stem tissues or different levels (upper, middle, Table II . The identification of compounds based upon MS2 and MS3 fragmentation patterns is described in Supplemental Data S1.
[See online article for color version of this figure.] and lower) within stem inner or outer tissues ( Fig. 7A ; Supplemental Data S7). K-means cluster analyses allowed us to identify TF genes and CWGs showing similar expression profiles in upper, middle, and lower regions from either stem inner or stem outer tissues ( Fig. 7B ; Table IV ). Altogether, we identified eight major profiles (Fig. 7, profiles B1-B8) showing coexpression of TF genes and oligolignol-or cell wallrelated genes. In certain profiles (B1, B2, B5, and B7), NAC and MYB TF genes were coexpressed with monolignol biosynthesis genes and laccase genes potentially involved in oxidative polymerization. These profiles all showed an increase in lignin gene expression along the stem length (upper to lower) in outer tissues, in agreement with the developmentally related lignification process in these tissues. In stem inner tissues, lignin gene expression decreased progressively (profile B1), or increased in the middle stem region before decreasing in the lower stem region (profile B2), or else did not change significantly (profiles B5 and B7). Certain TF genes coregulated with monolignol genes were also coexpressed with other CWGs, including several glucosyltransferases and a pectate lyase. Other TF genes were coexpressed with CWGs but not with lignin genes. We did not detect any coexpression of TF gene expression and genes specifically involved in lignan biosynthesis such as PLR and PCBER.
K-means cluster analysis allows the identification of coregulated genes showing similar expression profiles but does not allow the direct detection of genes that show opposite expression patterns (e.g. repressor TF genes and their target genes). In order to identify potential repressor TFs in flax tissues, we arbitrarily inversed the signs of our lignin/CWG expression data (i.e. negative log 2 ratios were considered as positive values) and did K-means cluster analysis with our TF expression data. We hypothesized that this approach would allow us to detect potential associations between an increase in TF expression and a decrease in oligolignol/CWG expression. This analysis allowed us to identify four major profiles ( Fig. 7C ; Table IV ) and to identify a MYB TF gene negatively correlated with the expression of a laccase gene and a PAL gene (profile C1) together with two other TF genes that were negatively coregulated with three laccase unigenes (profile C4). These TF genes were also negatively coregulated with other CWGs, including endoglucanases, a b-xylosidase, and two FLA unigenes. Another MYB TF gene was negatively coexpressed with chitinase-like genes but not with lignin genes. Similarly, a GRAS TF gene was negatively coregulated with genes encoding a glycosyltransferase, a UDP-Glc-6-dehydrogenase, and a lipid transfer protein (LTP). Altogether, expression profiling enabled us to identify flax TFs potentially involved in a transcriptional regulatory network controlling lignification, (neo)lignan formation, and secondary cell wall development.
DISCUSSION Monolignols Are Used in Different Metabolisms in Flax Stems
Induced hypolignification by the engineering of different target genes in model plant species is often associated with the accumulation of different low-M r soluble phenolic compounds. We hypothesized that the natural hypolignification of bast fibers in flax outer stem tissues might also be characterized by the presence of a wide range of soluble phenolics. In order to test our hypothesis, we used combined metabolome profiling and lignomics of inner and outer stem tissues.
A number of primary and secondary metabolites were identified, and PCA of the 1 H NMR data showed a clear discrimination between inner and outer tissues. Generally, outer stem tissues contained higher amounts of both primary and secondary metabolites than inner stem tissues per gram of dry weight, most probably because of the higher proportion of living cells in outer stem tissues. Many of these metabolites were previously identified in flax, and their presence in outer stem tissues is in general agreement with the physiology of this tissue.
1
H NMR metabolomic profiling also identified the glucosylated forms of p-coumaryl alcohol and coniferyl alcohol (coniferin) but not the corresponding aglycones in both outer and inner stem tissues, suggesting that the free monolignol is rapidly glycosylated or channeled into other metabolic pathways.
Lignomics using UHPLC-FT-ICR-MS provided further extremely detailed information on flax stem phenolics. Altogether, we identified 81 different aromatic compounds, including, to our knowledge, 65 compounds previously unidentified in flax and 11 new compounds previously unidentified in plants. Flax seeds have long been known to be rich in lignans such as lariciresinol and secoisolariciresinol, and a number of phenolics have been previously identified in this species (Beejmohun et al., 2007; Struijs et al., 2009 ). However, to our knowledge, this is the first time a comprehensive phenolic profiling has been performed in flax. Lignomics of poplar (Populus spp.) xylem recently identified 134 oligolignols ranging from dilignols to hexalignols (Morreel et al., 2010a) ; therefore, we were not surprised to find oligolignols in flax inner stem tissues consisting of mainly xylem tissue. Remarkably, almost all of these oligolignols were also present in outer stem tissues, in agreement with our initial hypothesis suggesting that hypolignification in the flax stem would be associated with the accumulation of phenolics. Generally, glycosylated (neo)lignans were more abundant in the hypolignified outer tissues.
Of the three main monolignols, only coniferyl alcohol was detected in both inner and outer stem tissues. The presence of this monolignol in stems is not unexpected, since flax lignin is rich in G-lignin (Day et al., 2005b; del Rio et al., 2011) . Of interest is the observation that coniferyl alcohol was nearly three times more abundant in outer stem tissues as compared with inner stem tissues, and this despite the fact that the majority of lignin genes are significantly underexpressed in outer stem tissues. Since laccase (and certain peroxidase) gene transcripts are significantly more abundant in stem inner tissues, one possible explanation is that the pool of free alcohol units is continually depleted to drive inner stem (xylem) lignification. Glycosylated forms of all three monolignols were detected in both inner and outer stem tissues and were approximately three to four times more abundant in the latter. Coniferin and the p-coumaryl alcohol glucoside were abundant in both inner and outer tissues, whereas only trace amounts of syringin were detected. Monolignol glycosylation has been proposed to facilitate monolignol storage in the vacuole and/or their transport toward the apoplast and incorporation into lignin following deglycosylation and activation by laccases and/or peroxidases (Weng and Chapple, 2010) . However, recent results in Arabidopsis have shown that glycosylation is necessary for monolignol transport to the vacuole and subsequent storage, whereas the aglycone alcohols can be actively transported across the plasma membrane (Miao and Liu, 2010) .
Closer examination of the flax stem oligolignol pool suggested that monolignols were utilized in three different but related metabolisms (Fig. 8) . First, monolignols can be incorporated into the lignin polymer. The structure of low-M r oligolignols is believed to reflect the radical coupling conditions present during lignin formation and therefore to provide information about lignin structure that is complementary to other widespread chemical or physical techniques such as thioacidolysis and NMR (Lapierre et al., 1985; Lu and Ralph, 2003; Morreel et al., 2004 Morreel et al., , 2010a Morreel et al., , 2010b . Recently, a comprehensive study has provided detailed information on the structure of flax milled wood lignin from both stem inner tissues (shives) and bast fibers (del Rio et al., 2011) . That study underlined the fact that flax lignin is rich in G-units and also contains high amounts of H-units, as reported previously in flax bast fibers (Day et al., 2005b) . Analyses by pyrolysis-gas chromatography-MS indicated that H-units represented 5% and 13% of shive lignin and fiber lignin, respectively. Both two-dimensional NMR studies and thioacidolysis confirmed the presence of G-and Hunits and indicated that flax lignin is highly condensed (40%-50%) and contains high proportions of bb (resinol; 9%) and b-5 (phenylcoumaran; 14%) linkages (del Rio et al., 2011). (Note that two different nomenclatures are used to describe the propane carbon atoms involved in monolignol linkages in the lignin polymer and in oligolignols. In oligolignols, the numbers 7, 8, and 9 are used, whereas in the lignin polymer, a, b, and g are used to describe the same carbon atoms. A b-b lignin linkage, therefore, corresponds to an 8-8 oligolignol linkage.) These results are in close agreement with our observations showing that the great majority of oligolignols contain G-units and also H-and S-units. In addition, the frequency of different intermonomeric linkages in our oligolignol results is very similar to that observed by del Rio et al. (2011) , with 8-O-4 linkages representing 62% of the total bonds and 8-8 and 8-5 bonds representing 16% and 22%, respectively. The observed increase in the percentage of condensed bonds can be related to the high proportion of H-units. Examination of the oligolignols showed that the H-units were present as phenolic end groups in the flax oligolignols, as predicted by the higher oxidation potential of p-coumaryl alcohol as compared with those of coniferyl and sinapyl alcohol (Syrjanen and Brunow, 1998) . In this case, the 8-O-4 coupling of p-coumaryl alcohol to a lignin oligomer blocks further chain elongation with incoming coniferyl or sinapyl alcohol radicals, resulting in a relative increase of 8-5 and 8-8 linkages. Similar increases have also been observed in NMR analyses of the H-rich lignins from HCT down-regulated pine (Pinus spp.) and alfalfa (Medicago sativa; Shadle et al., 2007; Wagner et al., 2007) and C3H down-regulated alfalfa (Ralph et al., 2006) . We did not see any evidence in our transcriptomic data to suggest that the flax HCT/C3H genes were underexpressed in comparison with other lignin biosynthesis genes; however, in the absence of suitable flax mutants/transgenics for comparison, it is difficult draw a conclusion on the likely explanation for the high H-unit content of flax lignin. Nevertheless, the high proportion of G-and H-units, as well as the high percentage of condensed bonds, render the flax lignin of both xylem and bast fibers particularly difficult to degrade and have an important impact on the industrial processing of this species (Day et al., 2005b; del Rio et al., 2011) .
Second, monolignols can also be dimerized to form lignans. We detected a range of lignans and neolignans, including pinoresinol, lariciresinol, secoisolariciresinol, dehydrodiconiferyl alcohol (DDC), and IDDDC, as well as their glycosylated forms in both inner and outer stem tissues of flax. These results clearly indicate that coniferyl alcohol is utilized in (neo)lignan biosynthesis as well as in G-lignin formation. Although the PLR gene encoding the enzyme catalyzing the formation of lariciresinol is more highly expressed (log 2 ratio = 3.6-4.3) in inner stem tissues, pinoresinol and lariciresinol levels are similar in both inner and outer stem tissues. In inner stem tissues, coniferyl alcohol could be rapidly incorporated into the lignin polymer and therefore may become limiting for subsequent lignan formation. The observation that both coniferyl alcohol and coniferin are more abundant in outer stem tissues supports this argument.
Previous gene expression analyses have demonstrated that a PLR gene is expressed in different flax seed tissues (Hano et al., 2006b; Venglat et al., 2011) . Although promoter-GUS analyses and semiquantitative PCR indicated that the LuPLR1 gene cloned was not expressed in flax stem tissues (Hano et al., 2006b) , the recent cloning of a second PLR gene (LuPLR2; Hemmati et al., 2010 ) from leaves and stems of flax plants, together with our results, suggest that PLR genes in flax form a small multigene family with organ-/tissuespecific expression patterns. Two other highly abundant neolignan unigene transcripts in flax inner stem tissues correspond to the enzyme PCBER, catalyzing the reduction of DDC into IDDDC and identified previously as the most abundant protein in poplar xylem (Gang et al., 1999; Vander Mijnsbrugge et al., 2000) . The corresponding gene is also expressed in aspen stems (Populus spp.; Sterky et al., 2004; Prassinos et al., 2005) . Although PCBER transcripts were more highly abundant in inner stem tissues, IDDDC was not detected in either inner or outer stem tissues, and this despite the presence of DDC in both tissues. In contrast, IDDDC hexosides were detected in both stem tissues, suggesting that the neolignan is rapidly glycosylated. Biologically active (neo)lignans are widely present in tracheophytes (Weng and Chapple, 2010) and in the woody tissues of different tree species (Davin and Lewis, 2003; Holmborn et al., 2003) , where they are believed to protect the vascular tissue from pathogens of TFs and cell wall-related genes in different stem levels. B1, C680-4CL, C3640-4CL, C519-CCoAOMT, C395-CCoAOMT, C11786-glucosyltransferase, C21188-glucosyltransferase, C6820-glucosyltransferase, C1284-glucosyltransferase, C6568-TF-like, C20655-NAM; B2, C5820-C3H, C6449-glucosyltransferase, C19744-Myb13, C50209-Myb; B3, C1423-LTP, C9104-bZIP35; B4, C28312-peroxidase, C11887-HB52; B5, C3323-laccase, C4333-laccase11, C13388-NAC; B6, C188-chitinase, C39490-class III chitinase, C43012-methylesterase, C31970-YAB5, C10018-GLK1; B7, C59528-PAL, C247-PAL, C32427-pectate lyase, C13388 NAC; B8, C3700-ketoacyl-CoA synthase, C8414-3-ketoacyl-CoA synthase 1, C29546-C3700-ketoacyl-CoA synthase, C10964-WRKY33. C, Similar profile expression (K-means clustering) of TFs arbitrarily considered as repressors and cell wall-related genes in different stem levels. C1, C10591-endoglucanase 2, C3396-fascicline-like AGP11, C5556-fascicline-like AGP11, C46914-hydroxy-Prorich glycoprotein, C37539-laccase, C835-PAL, C3205-UDP-D-glucuronate carboxy-lyase, C33158-xylan-1,4-b-xylosidase, C1122-Myb59, C30843-Myb59; C2, C6449-glycosyltransferase, C1465-UDP-Glc-6-dehydrogenase, C15-LTP, C16481-GRAS32; C3, C1190-chitinase-like, C34084-chitinase-like, C9696-Myb4; C4, C4294-endo-1,4-b glucanase, C38661-laccase, C3505-laccase, C3107-laccase, C36731-HSFA4C, C53556-TF-like. TFs from B1 to B3 and C1 and C2 profiles belong to A1 upregulated genes in inner tissues, and those from B4 to B8 and C3 and C4 profiles belong to A2 up-regulated genes in outer tissues.
[See online article for color version of this figure. ] (Kwon et al., 2001) . In flax, lignans accumulate to high quantities in seeds, with SDG being the major lignan accumulating in flax hulls (Singh et al., 2011) . Anhydrosecoisolariciresinol, the anhydrous form of secoisolariciresinol, has also previously been shown to accumulate in flax capsules, seeds, and roots but not in leaves and stems (Charlet et al., 2002) . To our knowledge, this is the first report of the presence of such a large range of (neo)lignans in flax stems. As indicated above, lignans are known to accumulate in the woody tissues of trees; therefore, their presence in flax xylem tissues is not unexpected. The accumulation of (neo)lignans in outer stem tissues is in agreement with our initial hypothesis suggesting a link between hypolignification and the accumulation of phenolic compounds. According to this idea, (neo) lignans in flax represent monolignol detoxification/ storage forms. Subsequent glycosylation would also increase their water solubility, thereby facilitating transport to the flowers and potential participation in SDG accumulation in seeds. Third, the detection of feruloyl and sinapoyl coniferin, and a nitrogen-containing derivative of feruloyl coniferin, points to the use of monolignols in other, partially unknown secondary pathways. Interestingly, these compounds were uniquely present (or present in Figure 8 . Monolignol metabolism in flax stems. A, Different possible metabolic pathways of monolignols in flax stems (coniferyl alcohol is used as an example). Monolignols may be converted into phenoxy radicals in the cell wall by laccases and/or peroxidases and then undergo nonenzymatic polymerization to form lignin oligomers and lignin (pathway 1). Monolignols may also be converted into phenoxy radicals by laccases and/or peroxidases before being dimerized to form (neo)lignans (pathway 2). Monolignols can also be glycosylated by glycosyltransferases and then further complexed with other monolignols via an as yet uncharacterized pathway (pathway 3). Lignin oligomers and (neo)lignans may also be glycosylated (pathway 4). Orange/ green shading in A and B (column 2) indicate the relative ratios of different monolignol compounds in flax stem inner and outer tissues (orange shading = compounds present in higher amounts in inner stem tissues, and green shading = compounds present in higher amounts in outer stem tissues). POD, Peroxidase. B, Relative ratios of H-, G-, and S-unit compounds in stem inner tissues (column 3) and outer tissues (column 4). The supposed subcellular localization of the different compounds is shown in column 5. G* indicates that pcoumaryl alcohol and sinapyl alcohol were not detected in either inner or outer stem tissues. [See online article for color version of this figure. ] higher amounts) in the hypolignified stem outer tissues; therefore, it is possible that the coniferin-containing compounds in flax outer stem tissues also represent storage or detoxification forms of coniferyl alcohol.
Altogether, our results provide novel detailed information concerning the fate of monolignols in flax stem tissues and underline the fact that further research is necessary to improve our understanding of the factors controlling monolignol partitioning between these different pathways as well as the relation between them. Further work is also necessary to identify the subcellular compartments in which the different monolignol-derived compounds and their glycosides are synthesized and stored (Fig. 8) . While it is generally accepted that monolignols are converted into phenoxy radicals by laccases and/or class III peroxidases and then polymerized to form lignin oligomers and lignin in the cell wall, much less is known about the subcellular localization of (neo)lignans. A recent study (Attoumbré et al., 2010) localized the flax lignan secoisolariciresinol to the cell wall in the outer integument of seeds, suggesting that (neo)lignans may also be localized in this compartment. In contrast, coniferin and the other monolignol glycosides are supposedly stored in the vacuole (Whetten and Sederoff, 1995) . The compartments in which (neo)lignans are glycosylated and stored have not yet been identified. If monolignols are dimerized in the cell wall under the action of laccases/peroxidases, are they then transported back into the cytosol prior to glycosylation and subsequent transfer to the vacuole? The study of Attoumbré et al. (2010) showed that secoisolariciresinol was also weakly detected in cytoplasmic inclusions, suggesting that the lignan is also present in this compartment. Since the antibodies used in this study also showed a weak cross-reactivity with the glycosylated form (SDG), it is possible that glycosylated (neo) lignans may be present in both the cell wall and cytosol compartments. Recent work (Miao and Liu, 2010) has shown that plasma membrane ATP-binding cassette-like (ABC) transporters are capable of transporting aglycone monolignols but not the corresponding glucosides, whereas vacuolar ATP-binding cassette-like transporters can transport the glucosides but not the aglycone forms. These results clearly indicate that glycosylation plays a central role in monolignol transport and storage, and it would obviously be interesting to see whether a similar mechanism exists for monolignol dimer transport. Since the ABC transporter superfamily is one of the largest transporter protein families in plants and different members are involved in the transport of a wide range of different molecules, including phenolics (Yazaki, 2006; Kaneda et al., 2011) , it is not impossible that ABC transporters may also be involved in transporting monolignol dimers. Our results (Supplemental Data S2) indicated that flax transcripts corresponding to two ABC transporters (orthologs of AtABCG11 and AtABCG40) are significantly less abundant in flax outer stem tissues. Functional characterization of these transporters could help to clarify this point.
Hypolignification in Flax Stems Involves Differential Expression of Monolignol Genes
The hypolignification of flax fibers can theoretically be controlled at a number of points (e.g. transcriptional regulation of monolignol biosynthesis genes, precursor transport into the cell wall, and oxidative polymerization; Weng and Chapple, 2010) . We have previously shown that transcripts for flax monolignol biosynthetic genes are more abundant in inner stem tissues as compared with outer stem tissues (Fénart et al., 2010) . Our results here showing that transcripts for all (27 of 27) flax lignin biosynthesis unigenes are less abundant in stem outer tissues as compared with inner tissues confirm this earlier investigation and suggest that fiber hypolignification is regulated, at least partially, via the down-regulation of monolignol biosynthetic genes. These results are in agreement with similar studies in hemp (Cannabis sativa), which also possesses less heavily lignified outer stem fibers (De Pauw et al., 2007; van den Broeck et al., 2008) . In addition, our results suggest that hypolignification is also controlled at the monolignol polymerization step. Oxidation of monolignols to form lignin phenoxy radicals is catalyzed by laccases and/or peroxidases. Although previous studies in flax have suggested that peroxidases are involved in stem lignification (McDougall, 1992) , our results showing that transcripts for eight laccase unigenes and three peroxidase genes are more abundant in stem inner tissues suggest that laccases are also involved in this process. In support of this hypothesis, it is interesting that the five most abundant laccase transcripts in flax inner stem tissues are orthologs of the IRX12/AtLAC4 and AtLAC17 genes that have previously been shown to be involved in lignin formation in Arabidopsis (Brown et al., 2005; Berthet et al., 2011) . The observation that three laccase gene transcripts are significantly more abundant in the upper region of inner stem tissues, whereas five peroxidase gene transcripts are more abundant in the lower region, could suggest that laccases are involved in the early stages of lignin formation followed by peroxidases, as hypothesized previously (Sterjiades et al., 1993 ). This idea is also supported by our results showing that three laccase transcripts and a transcript corresponding to the lignin gene COMT are significantly more abundant in the lower region of stem outer tissues, where lignification of bast fibers is first observed.
Whereas laccase unigenes were more abundant in flax stem inner tissues when compared with outer stem tissues, the opposite was largely true with regard to peroxidase genes, and 15 of 18 peroxidase unigene transcripts were more abundant in outer stem tissues. All these flax peroxidases are class III peroxidases targeted to the cell wall. Class III peroxidases belong to large multigene families (73 in Arabidopsis and 138 in rice [Oryza sativa]; Passardi et al., 2004) and catalyze diverse oxidoreductions between hydrogen peroxide (H 2 O 2 ) and various reductants. Peroxidases, like laccases, have been implicated in monolignol coupling during lignin synthesis as well as in other cell wall reticulation processes. Peroxidases are also capable of generating hydroxyl radicals from H 2 O 2 via a nonenzymatic Fenton reaction and have been implicated in cell wall loosening and cell growth (Chen and Schopfer, 1999; Passardi et al., 2004) ; therefore, it is possible that the observed up-regulation of peroxidase genes in flax stem outer tissues is related to fiber elongation and not to cell wall reticulation and/or lignification. Our observation that one peroxidase unigene is significantly expressed in the upper region of outer stem tissues supports this idea, since bast fiber cell walls are not lignified at this stage. Interestingly, class III peroxidases have been shown to be involved in cell wall loosening and the massive cell expansion associated with cotton fiber elongation (Qin et al., 2008) .
Both laccases and peroxidases have been implicated in the oxidation of monolignols necessary for (neo) lignan formation (Davin and Lewis, 2003) ; therefore, it is probable that some of the corresponding proteins are also involved in the formation of these phenolics. Whether the observed differences in the abundance of (neo)lignan versus lignin oligomers in flax stem inner and outer tissues can be linked to the marked differences in laccase/peroxidase gene expression profiles requires further investigation. In addition, it is clear that the identification and functional characterization of genes encoding the various glycosyltransferases and glycosidases acting on monolignols represent a major challenge to fully understanding flax oligolignol metabolism.
In conclusion, our results show that the natural hypolignification of flax outer stem tissues involves the differential expression of lignin biosynthesis genes and laccase/peroxidase genes potentially involved in the oxidative polymerization of monolignols. However, a complete explanation of flax bast fiber hypolignification and lignin structure should also take into account other factors, such as the cellulose-rich environment of the cell wall and the availability of H 2 O 2 , since these have been shown to affect lignification (Ros Barcelo, 1998; Touzel et al., 2003) . Although we did not see any differential accumulation of transcripts coding for H 2 O 2 -generating NADPH oxidases, we did observe a differential accumulation of transcripts (Supplemental Data S2) corresponding to six flax germin-like proteins potentially involved in H 2 O 2 generation via the oxidation of oxalic acid (Davidson et al., 2009) . Three flax unigenes were more highly expressed in stem inner tissues, while another three unigenes were more highly expressed in outer stem tissues. Functional characterization of these germin-like proteins should help to evaluate whether H 2 O 2 supply plays a role in regulating lignification in flax. Comparison of the expression levels in flax stems enabled us to identify TF genes showing significant differential expression between inner and outer stem tissues. A number of these genes were orthologs of TFs known to be involved in the control of vascular tissue differentiation and secondary cell wall formation in other species. For example, transcripts for eight unigenes encoding HD-ZIP III TFs involved in controlling the balance between xylem and phloem tissue formation in both Arabidopsis and poplar were significantly more abundant in flax inner stem tissues (Prigge et al., 2005; Ko et al., 2006) . Similarly, transcripts for four bZIP genes were more abundant in stem inner tissues. Members of this TF family are expressed during stem development and secondary vascular tissue formation in Arabidopsis, Eucalyptus, and poplar (Paux et al., 2004; Ehting et al., 2005; Dharmawardhana et al., 2010) . Other differentially regulated TF genes included two bHLH, four WRKY, and four LIM genes. Members of these TF families have also been previously implicated in vascular tissue development and/or the control of secondary cell wall formation (Demura and Fukuda, 2007) .
The identification of AC elements in the promoters of several flax lignin biosynthesis genes (data not shown) suggested a role for the involvement of MYB TFs in the transcriptional regulation of lignin biosynthesis in this species. In support of this hypothesis, we observed that transcripts for the orthologs of AtMYB20 and AtMYB42 were more abundant in stem inner tissues. In Arabidopsis, these genes form part of a secondary cell wall transcriptional regulatory network and are downstream of so-called master switch TFs such as NAC and other MYB factors (Zhong et al., 2010) . In contrast, no orthologs corresponding to the MYB factors AtMYB58 or AtMYB63 directly implicated in the regulation of lignin biosynthesis (Zhou et al., 2009) were differentially regulated. We also identified a MYB TF transcript that was significantly more abundant in stem outer tissues and belongs to subgroup 4, which includes repressors of the lignin biosynthetic pathway such as AtMYB4, EgMYB1, and ZmMYB31/42 (Jin et al., 2000; Fornalé et al., 2006 Fornalé et al., , 2010 Legay et al., 2010) . Although functional analyses are obviously necessary, the expression of a potential lignin repressor in outer tissues is consistent with the hypolignified nature of this tissue. AC elements are also present in the promoter of the flax LuPLR1 gene (Hano et al., 2006b) , suggesting that transcriptional regulation of lignan biosynthesis might also involve MYB factors. In support of this idea, a recent study has shown that MYB TF genes are expressed in flax seed tissues (Venglat et al., 2011) . In this latter study, different MYB TF genes were expressed in flax stem tissues and seeds, although six MYB TF genes were also expressed in both tissues. We also observed that the flax orthologs of several genes encoding NAC factors, such as SND1, SND2, XND1, VNI2, and KNAT7, previously shown to be involved in the control of secondary cell wall formation and/or xylem vessel differentiation and forming part of a transcriptional control network, were also differentially regulated between inner and outer stem tissues (Zhao et al., 2008; Yamaguchi et al., 2010; Zhang et al., 2011; Zhao and Dixon, 2011) .
Transcriptome profiling at different levels in flax stem inner and outer tissues allowed us to more precisely identify TFs that were coregulated with different lignin-and cell wall-related genes. Once again, these results underlined the likely central role of NAC and MYB TFs in regulating lignin biosynthesis in flax. Monolignol biosynthetic genes 4CL and CCoAOMT were coregulated with the flax ortholog of SND2, and the monolignol gene C3H was coregulated with the flax ortholog of AtMYB20. Both of these TFs form part of a transcriptional regulatory network controlling lignification and secondary cell wall formation in Arabidopsis (Zhong et al., 2010) . Another NAC factor (ANAC002/ATAF1) was coregulated with two PAL unigenes and the orthologs of AtLAC4 and AtLAC11, suggesting that the regulation of both monolignol production and oxidative polymerization in flax involve NAC TFs. AtLAC4 has been shown to play a central role together with AtLAC17 in controlling interfascicular fiber lignification in Arabidopsis (Berthet et al., 2011) and to be a direct target of AtMYB58 (Zhou et al., 2009) . Taken together, these results suggest that hypolignification of flax fibers is controlled via a complex regulatory transcriptional network, with different NAC and MYB TFs playing central roles in controlling the expression of genes responsible for producing the lignin monomers and the oxidative polymerization step.
The presence of (neo)lignans in stem tissues suggests that these TFs might also be involved in regulating the production of these dimeric structures. Although we did not detect any coexpression of TF gene expression and genes specifically involved in lignan biosynthesis such as PLR and PCBER, the observation that flax NAC genes are coregulated with monolignol biosynthetic genes, together with results (Venglat et al., 2011) showing that MYB TFs are expressed in developing seeds, could suggest that a similar transcriptional regulatory network plays a role in controlling (neo)lignan production in the flax stem.
CONCLUSION
A combined metabolomic profiling, lignomics, and transcriptomics approach provides, to our knowledge for the first time, a detailed picture of monolignol gene expression and metabolism in flax stems. In addition to providing novel information about the transcriptional regulation of lignification in flax plants, our study suggests that the natural hypolignification of outer stem tissues is associated with the accumulation of a wide range of phenolics. Recently, a number of tools have been developed for flax, including highdensity microarrays, cDNA libraries, physical and genetic maps, molecular markers, and mutant populations, which should allow an integrated approach to investigate different processes in this biologically interesting species (Cloutier et al., 2010; Fénart et al., 2010; Ragupathy et al., 2011; Venglat et al., 2011) .
MATERIALS AND METHODS
Plant Material
Nine-week-old greenhouse-grown flax (Linum usitatissimum) plants were used for all experiments. For total stem transcriptomics, metabolomics, and lignomics, stem outer tissues were separated from inner tissues by peeling off the bark as described previously (Day et al., 2005a) . Inner and outer stem tissues from 20 plants were immediately frozen in liquid nitrogen, pooled, and stored at 280°C prior to RNA extraction. For upper, middle, and lower stem transcriptomics, stems from five plants were divided into upper, middle, and lower regions. Outer tissues were separated from inner tissues by peeling, frozen in liquid nitrogen, pooled, and stored at 280°C prior to RNA extraction.
Microscopy
Freehand cross-sections were made of flax stems using a fresh razor blade, stained with phloroglucinol-HCl, and examined using a Nikon Eclipse TS100 microscope to visualize lignified cell walls. Photographs were made using a Nikon D5000 camera.
FTIR
Six independent inner and outer stem tissue samples from the pooled material were repeatedly 80% ethanol extracted to remove most of the extractive components, resulting in cell wall-enriched fractions. Diffuse reflectance infrared Fourier transform spectroscopy was performed using NICOLET 6700 (Thermo Electron). FTIR spectra of cell walls were recorded in the mid range (4,000-450 cm 21 ) at 4 cm 21 resolution. All spectra were baseline corrected and then normalized at 1,550 cm 21 . Average spectra obtained from the six biological replicates of inner and outer tissues are shown in the window 2,000 to 800 cm 21 as described previously (Hano et al., 2006a) .
H NMR Metabolomics
Extraction Procedure
Six independent inner and outer stem tissues samples from the pooled material were reduced to a homogeneous powder using a grinder. Fifty milligrams was transferred to a 2-mL microtube, and 1.5 mL of extraction buffer (750 mL of methanol-d 4 and 750 mL of KH 2 PO 4 buffer in D 2 O containing 1% [w/v] trimethyl silyl propionic acid sodium salt [TMSP-d 4 ], pH 6.0) was added to each sample. The tube was shaken at room temperature for 1 min with a vortex before ultrasonication (25 min) and centrifugation at 20,000g at room temperature for 30 min. pH was adjusted to 6. Six hundred microliters of the supernatant was then transferred into a 5-mm NMR tube.
NMR Spectra Measurements
All spectra were recorded at 300 K on a Bruker Avance III 600 spectrometer operating at 600.17 MHz for 1 H and at 150.91 MHz for 13 C that was equipped with a TXI 5-mm z-gradient probe. Shim control is performed automatically by gradient shimming and final line shape optimization (Topshim 1D procedure). Each spectrum consisted of 128 scans of 64 K data points with a spectral width of 6,602 Hz and a water suppression pulse sequence with a relaxation delay of 2 s. The resulting 1 H spectra were manually phased, baseline corrected, and calibrated to TMSP at 0.0 ppm, all using Topspin (version 2.1; Bruker). Free induction decay was multiplied by an exponential weighing function corresponding to a line broadening of 0.3 Hz prior to Fourier transformation. Two-dimensional J-resolved and 1 H NMR spectra were acquired using 32 scans per 128 increments that were collected into 16 K data points, using spectral widths of 6,602 Hz in F2 and 50 Hz in F1. J-resolved spectra were tilted by 45°and symmetrized about F1. Coherence order selective gradient heteronuclear single quantum coherence spectra were recorded for a data matrix of 256 3 4,096 points covering 30,185 3 6,602 Hz with 128 scans for each increment. INEPT transfer delays were optimized for a heteronuclear coupling of 145 Hz, and a relaxation delay of 1.5 s was applied. Data were linear predicted in F1 to 512 3 4,096 using 32 coefficients and then zero filled to 2,048 3 4,096 points prior to echo-anti echo-type two-dimensional Fourier transformation, and a sine bell-shaped window function shifted by p/2 in both dimensions was applied.
Data and Statistical Analyses
The 1 H NMR spectra were automatically reduced to ASCII files using were also removed. The generated ASCII file was imported into Microsoft Excel for the addition of labels. PCA was performed with SIMCA-P software (version 11.0; Umetrics). Each NMR signal identified by PCA as discriminant was integrated. The resulting area was used to test the significance of the differences observed between inner and outer stem tissues by Student's t test performed with Microsoft Excel software. It was considered significant at P , 0.01.
Oligolignol Profiling by UHPLC-FT-ICR-MS
An inner and outer stem tissue sample from the pooled material was homogenized in liquid nitrogen and extracted with 25 mL of ethanol:water (4:1, v/v). Following five consecutive extractions, the extracts were combined and centrifuged, and the supernatants were evaporated using a Buchnii rotavapor. After redissolving the pellet in methanol (2:1, v/w), 200 mL was evaporated in a SpeedVac and extracted with 800 mL of water:cyclohexane (1:1, v/v). Phenolic profiling was performed using 10 mL of the water phase. Extracts were analyzed with an Accela UHPLC system (Thermo Electron) consisting of an Accela autosampler coupled to an Accela pump and further hyphenated to a LTQ FT Ultra (Thermo Electron) MS unit consisting of a linear ion-trap mass spectrometer connected with a FT-ICR-MS device. The separation was performed on a reverse-phase Acquity UPLC BEH C18 column (150 mm 3 2.1 mm, 1.7 mm; Waters) with aqueous 0.1% acetic acid and acetonitrile: water (99:1, v/v; acidified with 0.1% acetic acid) as solvents A and B. At a flow of 300 mL min 21 and a column temperature of 80°C, the following gradient was applied: 0 min at 5% B, 30 min at 45% B, 35 min at 100% B. The autosampler temperature was 10°C. Analytes were negatively ionized with an atmospheric pressure chemical ionization source using the following parameter values: source current, 5 mA; capillary temperature, 200°C; vaporizer temperature, 350°C; sheath gas 39 (arb), aux gas 5 (arb), sweep gas 7 (arb). Full FT-ICR-MS spectra between 120 and 1,000 mass-to-charge ratio (m/z) were recorded (1.2-1.7 s scan 21 ) at a resolution of 100,000. In parallel, three datadependent MS n spectra were recorded on the ion-trap MS apparatus using the preliminary low-resolution data obtained during the first 0.1 s of the previous full FT-ICR-MS scan: a MS 2 scan of the most abundant m/z ion of the full FT-ICR-MS scan, followed by two MS 3 scans of the most abundant first product ions. MS n scans were obtained with 35% collision energy. Chemical formulae of the compounds of interest were obtained with the Qual Browser in Xcalibur version 2.0 SR2.
Nimblegen Microarray Transcriptomics
RNA Extraction
Total RNA was isolated from pooled flax inner and outer stems using the NucleoSpin RNA Plant kit (Macherey-Nagel) following the manufacturer's guidelines. To obtain a sufficient amount of RNA for microarray analysis (10 mg), a minimum of three extractions with up to 150 mg of fresh tissue were necessary for each sample. To eliminate DNA contamination, on-column treatment was done using the RNase-free DNase included in the kit. RNA integrity and concentration were evaluated with RNA StdSens Chips using the Experion automated electrophoresis system (Bio-Rad). For each sample, the three RNA extracts were pooled and final concentrations were adjusted to 1 mg mL 21 . Two biological replicates were performed for each sample.
Double-stranded cDNA (ds-cDNA) was synthesized from 10 mg of total RNA using an Invitrogen SuperScript ds-cDNA synthesis kit in the presence of 250 ng of random hexamer primers. ds-cDNA was cleaned and labeled in accordance with the Nimblegen Gene Expression Analysis protocol (Nimblegen Systems). Briefly, ds-cDNA was incubated with 4 mg of RNase A (Promega) at 37°C for 10 min and cleaned using phenol-chloroform-isoamyl alcohol, followed by ice-cold absolute ethanol precipitation.
For Cy3 labeling of cDNA, the Nimblegen One-Color DNA Labeling kit was used according to the Gene Expression Analysis protocol (Nimblegen Systems). One microgram of ds-cDNA was incubated for 10 min at 98°C with 2 OD of Cy3-9mer primer. Then, 100 pmol of deoxyribonucleotide triphosphate and 100 units of the Klenow fragment (New England Biolabs) were added, and the mix was incubated at 37°C for 2.5 h. The reaction was stopped by adding 0.1 volume of 0.5 M EDTA, and the labeled ds-cDNA was purified by isopropanol/ice-cold 80% ethanol precipitation.
Microarray Processing and Analysis
A flax high-density oligomicroarray platform (Gene Expression Omnibus no. GPL10419), based on the Nimblegen 385K chip, was used for gene expression analysis (Fénart et al., 2010) . Microarrays were hybridized with 6 mg of Cy3-labeled ds-cDNA in Nimblegen hybridization buffer/hybridization component A at 38°C during 16 to 18 h in a hybridization chamber (Hybridization System; Nimblegen Systems). Following hybridization, washing was performed using the Nimblegen Wash buffer kit (Nimblegen Systems), and slides were immediately scanned at 5 mm pixel 21 resolution using an Axon GenePix 4000B scanner (Molecular Devices) piloted by GenePix Pro 6.0 software (Axon). Scanned images were then imported into NimbleScan software (Nimblegen Systems) for grid alignment and expression data analyses. Expression data were normalized through quantile normalization and the Robust Multichip Average algorithm included in the NimbleScan software (Irizarry et al., 2003) . Two technical replicates were analyzed for both biological replicates. The complete microarray data set is publicly available at the National Center for Biotechnology Information Gene Expression Omnibus database (http://ncbi.nlm.nih.gov/geo/) with accession number GSE29345. Identification of genes displaying a change in expression over repetitions was accomplished with a script utilizing library functions in R with a false discovery rate of less than 5%. The SAM (Tusher et al., 2001 ) was used to identify differentially expressed genes over different conditions, and log 2 (ratio) was used for filtering gene expression profiles.
Analyses were performed for whole inner versus whole outer stem tissues and for each stem region (upper, middle, and lower) versus whole inner or outer tissue.
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